The arcuate fasciculus (AF) has been implicated in the pathology behind schizophrenia and auditory verbal hallucinations (AVHs). White matter tracts forming the arcuate fasciculus can be quantified and visualized using diffusion tensor imaging (DTI) tractography. Although there have been a number of studies on this topic, the results have been conflicting. Studying the underlying white matter structure of the AF could shed light on functional connectivity between temporal and frontal language areas in AVHs. The participants were 66 patients with a schizophrenia diagnosis, where AVHs were defined from the Positive and Negative Syndrome Scale (PANSS), and compared with a healthy control group. DTI was performed on a 3T MR scanner, and tensor estimation was done using deterministic streamline tractography. Statistical analysis of the data showed significantly longer tracts along the AF in patients with severe and frequent AVHs, as well as an overall significant asymmetry with longer fibers on the left side. In addition, there were significant positive correlations between PANSS scores and tract length, tract volume, and number of streamlines for the posterior AF segment on the left side. It is concluded that the present structural results complement previous functional findings of fronto-temporal connectivity in AVH patients.
Introduction
One of the most salient symptom in schizophrenia and psychosis spectrum disorders is auditory verbal hallucinations (AVHs) (Sartorius et al., 1986; Parnas, 2013; Ford et al, 2014) .
AVHs are typically defined as the experience of hearing a "voice" in the absence of a corresponding external auditory source to explain the experience ( Functional fMRI connectivity is based on the statistical covariation of the BOLD signal between nodes or areas (disregarding the special case of effective connectivity) without any reference to the underlying neuroanatomy, or whether an increase or decrease in functional connectivity has a correspondence in structural, white matter, connectivity. Hugdahl (2017) labelled this lack of "convergence of evidence", by which was meant that for a finding at one 4 level of explanation to be valid, there should be converging evidence obtained from a lower, or different, level of explanation (see also Hugdahl & Sommer, 2018) . A converging approach would therefore be to look for white matter connectivity between brain anatomical regions implicated in functional connectivity studies. Two brain regions that are often implicated in functional neuroimaging studies of AVHs are the superior temporal gyrus, including the transverse, Heschl's, gyrus and the planum temporale on the one hand, and the inferior frontal, triangular, gyrus, on the other hand (Sommer et al., 2010; Kompus et al., 2011 , Jardri et al., 2011 . Functionally, these regions constitute the classic Wernicke and Broca regions for language perception and production, respectively, and these regions have over the years been associated with AVHs (Woodruff, 1997; Hubl, 2008 is a massive fiber bundle which runs longitudinally along the lateral anterior-posterior axis, connecting the Wernicke, speech perception area in the superior temporal gyrus with the Broca speech production area in the inferior frontal gyrus on the left side, with a corresponding extension on the lateral side of the right side. The AF consists of both short and long fibers, the short fibers connecting areas within a region, while the long fibers connect between regions (Catani et al., 2011; Catani & Thiebaut de Schotten, 2008) .
The AF is suggested to be important for language processing, connecting temporal auditory areas with inferior frontal/precentral and inferior parietal regions. The AF has also been implicated in the pathology behind schizophrenia and AVHs, most commonly by findings of disruptions of white matter integrity. In a meta-analysis, Geoffroy et al. (2014) found reduced fractional anisotropy (FA) values, quantified from diffusion tensor imaging (DTI) data, in schizophrenia patients with frequent AVHs, reflecting abnormality of white matter organization along the AF extension. Although only five studies were included in the meta-analysis, the results nevertheless pointed to the importance of relating findings of functional connectivity between temporal and frontal language areas to the underlying white matter structure. Previous studies have also found an increase in white matter volume in the regions connected by the AF (Mitelman et al., 2007) , and that greater overall white matter volume predict higher positive symptom scores, including hallucination scores (Cahn et al., 2006 ).
In the present study we sought to expand previous findings of altered connectivity in patients with severe and frequent AVHs (Scheinost et al., 2019, and Alderson-Day et al., 2014 for overviews), by acquiring data from diffusion tractography to converge evidence from functional to structural levels of explanation (cf. Hugdahl & Sommer, 2018) . We used the sub-division of AF fibers and the nomenclature from Catani et al. (2011) , divided the AF into its anterior, long and posterior fiber segments (see Figure 1 for illustration), and analyzed each segment for number of tracts (Tract#), tract length (TractL), and tract volume (TractV), comparing the fibers in the right and left hemisphere, for schizophrenia patients with and without auditory hallucinations (as defined operationally from the Positive and Negative Syndrome Scale, PANSS, interview questionnaire). We hypothesized that if an increase in AF fiber connectivity, either increasing fiber length, volume or number of fibers, this would strengthen previous functional connectivity studies of increase in functional connectivity 6 between temporal and fronto-parietal areas, while the opposite would be expected if a decrease in AF fiber connectivity was found. Second, we hypothesized that any effects would be more pronounced on the left side, considering previous studies of language asymmetry being constrained to the left hemisphere.
Methods

Subjects
The subjects were 66 patients with a diagnosis of schizophrenia (SZ), according to the ICD-10 years (for some of the analyses the control group was reduced to 68 and the patient group to 63 subjects due to missing data). There were 54 right-handers in the SZ group, and 67 righthanders in the HC group. The SZ group was further divided into sub-groups depending on severity and frequency of auditory hallucinations as defined from the "hallucinatory behavior" item (P3) from the PANSS (Kay et al., 1987) . Using the criterion of a score equal to or larger than "4" on the P3 item split the SZ group into a AVH+ sub-group (n = 30, 15 males, 15 females), and AVH-(n = 36, 25 males, 11 females). The patient data were pooled from two studies, each approved by the Regional Committee for Medical Research Ethics in Western Norway (REK Vest), #2010/334 and #2016/800, respectively, and by the Norwegian Social Science Data Service (NSD) #15733/PB. Figure 2 illustrates the long fibers in three representative subjects, one from each group of AVH-, AVH+ and HC.
Diffusion weighted MR imaging
Results
Tract length (TractL)
The ANOVA showed a significant main-effect of Segment, F(2,250, G-G corrected df: 1.494, 186.80) = 145.029, p < .0001, partial eta 2 = .537, and of the interaction of Segment x Group, F(4, 250, G-G corrected df: 2.989, 186.83) = 3.020, p = .018, partial eta 2 = .046. In addition, the Group effect was marginally significant, F (2,125) = 2.999, p = .053, partial eta 2 = .045.
The interaction-effect was followed-up with the LSD-test, comparing the three groups for each segment separately. For left hemisphere comparisons, this showed significant differences between the HC group and the AVH+ group (p = .058) for the long segment, and a 9 corresponding trend for the difference between the AVH+ and AVH-groups (p = .085). For the right hemisphere, the corresponding comparisons for the right hemisphere were p = .005 for the comparison HC versus AVH-group, and p = .0003 for the comparison HC versus AVH+, while the comparison of AVH-versus AVH+ was not significant, p = .362 (see Figure   3 ). There was in addition a significant tract length asymmetry for the HC group with longer tracts on the left side, p = .0001, and a trend for a similar asymmetry for the AVH+ group (p = .074 (see Figure 3 ).
Number of tracts (Tract#)
There were no significant main-or interaction-effects involving Groups for number of tracts.
Tract volume (TractV)
There were no significant main-or interaction-effects involving Groups for tract volume.
Correlations
Spearman correlation coefficients for the correlations between the various tracts and segments
on the one hand, and PANSS P3 score on the other hand, are seen in Table 1 .
The correlations were focused on significant relationships between severity and frequency of AVH (as measured from the PANSS P3 score) and tract segments (as measured from the procedure described in the Methods section). As seen in Table 1 , there were significant positive correlations (p < .05) for the posterior segment of the tract length in the left hemisphere. Figure 4 shows the corresponding scatter-plots, separately for the left and right hemisphere.
Discussion
The results showed significant effects for the long segments of the arcuate fasciculus (AF) fiber bundle, where patients with severe and frequent hallucinations had longer fibers than healthy controls, and marginally so also when compared to non-hallucinating patients.
Interestingly, this was most profound for the left hemisphere arcuate fasciculus bundle, connecting the receptive (Wernicke) and productive (Broca) language areas, respectively. The parameter TractL refers to the average distance the tractography algorithm managed to reconstruct before the tracking abortion threshold (FA criteria or angle) is met. Thus, longer as compared to shorter tracts should make it easier to reconstruct fiber bundles, possibly due to less deterioration by crossing fiber tracks. In the present case, this could suggest that the hallucinating group has increased connectivity between auditory areas in the temporal lobe and frontal and parietal areas associated with language (Fernandez-Miranda et al. 2015).
Previous studies have indeed found an increase in white matter volume in the regions connected by the arcuate fasciculus bundle (see e.g. Mitelman et al., 2007) , and that greater overall white matter volume predicted higher positive symptom score five years later (Cahn et al., 2006) . A second finding in the present study was the significant positive correlations between PANSS P3 scores and left hemisphere AF measures in the posterior segment, largely 11 covering the peri-Sylvian region, including parts of auditory and speech perception cortex. It should be noted that the correlations were found only in the left hemisphere, which is also the language dominant hemisphere (Sperry, 1974; Tervaniemi & Hugdahl, 2003 , van der Haegen et al., 2013 .
From the present findings it is not possible to disentangle whether it is the larger AF that allows for AVHs to be experienced, or if these segments increase in size due to the presence of AVH. It could indicate that in these individuals, the information flow between language areas could have multiple destinations and origins not found in HC, so that e.g. more tracts reach frontal and parietal areas from the auditory areas, thus leading to a perception of a voice that is not there. We have focused on tractography and fiber structure in the present study, rather than on the fractional anisotropy (FA) value, which is the more common measure of white matter integrity when using DTI (see Mori, 2007) . Although FA reflects axonal diameter, it is primarily measure of the deviation from free diffusion of water molecules, which relates to the restriction of water flow due to fiber myelination (Özarslan et al., 2005) . It is therefore interesting to note that there were no significant effects for the FA measure in the present study (cf. Chawla et al., 2019) , which could reflect that the critical parameters are fiber length and composition rather than the degree of myelination of the fibers. FA is a measure of water diffusion and is therefore subject to fluctuations across time, while tract parameters, like length, volume and number of tracts, more reflect structural invariants that may better match trait differences in hallucinations as seen in the present study.
In conclusion, we have shown that white matter fibers of the arcuate fasciculus bundle, which connects temporal and frontal language areas in the brain, are affected in patients with severe and frequent hallucinations. Interestingly, increased tract connectivity was observed not only for the long fibers connecting the Wernicke and Broca language areas in the superior temporal and inferior frontal gyri, respectively, but was also observed for the posterior segment fibers, primarily connecting the neurons within the auditory and speech perception areas in the peri-Sylvian region in the left hemisphere. The asymmetry for the long segment fibers should also be noted, there was clearly (see Figure 3 ) overall longer fibers in the left compared with the right hemisphere, which was seen for both the healthy controls (HC) and with a trend for significance in the frequent hallucinating group (AVH+). Asymmetry of (Hellige, 1993 ; van den Noort et al., 2008)). We extend these findings by showing that such an asymmetry also seems to be present in patients with frequent and severe auditory hallucinations, while the asymmetry is absent in schizophrenia patients without hallucinations. This may point to a specific relation between language and the experience of "hearing voices" in a hallucinatory episode, not seen otherwise in schizophrenia patients.
Several limitations should however be noted with the present results. First of all, the sample size was not exceedingly large when splitting the patient group into AVH-and AVH+ subgroups, which should be kept in mind. Second, we did not find any effects for FA values, which could indicate that the sequence applied was not sensitive enough, or that scanner upgrade could have had an effect, although we could not find evidence for this. It could also be argued that the hallucinatory behavior item of the PANSS interview scale is not unique for auditory verbal hallucinations. Although this is an often claimed argument we do not think it has invalidated our results since there is a clear focus on auditory verbal hallucinations in how the questions and conversations are set up for the PANSS P3 item, and auditory verbal hallucinations is the most frequent mode of hallucinations in schizophrenia. A third limitation to be mentioned is that brain size could have an effect on the tract length parameter, with longer tracts being positively related to larger brains. This is however not a likely explanation for the tract length findings since the age and sex did not differ between groups, which could otherwise have had an effect. Table 1 
